Background-A recent report suggested that carriers of the Q allele of the PON1 Q192R polymorphism had decreased biotransformation of clopidogrel into its active metabolite and decreased efficacy of clopidogrel in preventing cardiovascular events. 
C lopidogrel when added to aspirin reduces major vascular events in patients with acute coronary syndromes (ACS). 1 Clopidogrel is a prodrug that requires biotransformation into the active metabolite to inhibit the platelet P2Y12 receptor. Differences in the extent of clopidogrel biotransformation are believed to account for interindividual variability in platelet response to clopidogrel. 2 Most of the variability appears to be genetically determined, but common cytochrome P450 2C19 polymorphisms account for only a minority of this variability. The PON1 enzyme has been reported to play a crucial role in clopidogrel biotransformation, and a common nonsynonymous genetic variant, Q192R, has recently been associated with decreased conversion of clopidogrel to its active metabolite, implying that the benefits of clopidogrel may be attenuated in affected patients. 3 Specifically, carriers of the Q allele were found to have a significantly higher risk of stent thrombosis after stent percutaneous coronary intervention (PCI), with an odds ratio (OR) of 3.6 (95% confidence interval [CI], 1.6 -7.9; Pϭ0.003) for QQ 192 homozygous individuals as compared with individuals with either the RR or QR genotype. 3 
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The PON1 gene encodes an esterase that hydrolyzes endogenous and exogenous esters, most notably organophosphate pesticides and nerve gas. 4 PON1 is also believed to enhance the antioxidant properties of high-density lipoproteins by breaking down biologically active oxidized phospholipids and oxidized cholesteryl esters, [5] [6] [7] [8] thereby preventing oxidation of low-density lipoproteins. Because of the importance of oxidized low-density lipoproteins in the initiation and progression of atherosclerotic plaque, PON1 has also been proposed as an atherosclerotic susceptibility gene. 9, 10 The PON1 Q192R polymorphism results in the substitution of glutamine (Q) for arginine (R) at position 192, and the Q allele has been associated with lower enzymatic activity 11, 12 and an increased risk of cardiovascular (CV) disease independent of clopidogrel action, although this remains controversial. [13] [14] [15] We hypothesized that the PON1 polymorphism Q192R is associated with both a decreased efficacy of clopidogrel and an increased risk of CV events. To test this hypothesis, we investigated the efficacy and safety of clopidogrel among carriers of the Q192R polymorphism compared with noncarriers and the association between genotype and risk of CV disease in the placebo-controlled Clopidogrel in Unstable Angina to Prevent Recurrent Events (CURE) trial that enrolled patients with ACS and the placebo-controlled Atrial Fibrillation Clopidogrel Trial With Irbesartan for Prevention of Vascular Events (ACTIVE A) that enrolled patients with atrial fibrillation.
Methods

The CURE Study
The design and results of the CURE trial have been described previously. 16, 17 In brief, CURE was a randomized, double-blind, placebo-controlled trial comparing clopidogrel (75 mg/d) with placebo on a background of aspirin (75-325 mg per day) in 12 562 patients with ACS without ST-segment elevation. For the current analyses, we used the same primary efficacy and safety outcomes as in the CURE trial. 16 The first primary outcome was the composite of death from CV causes, nonfatal myocardial infarction, or stroke, and the second primary outcome was the composite of the first primary outcome, recurrent ischemia, or hospitalization for unstable angina. The main safety outcome was major bleeding. Results are presented only for individuals of European and Latin American ancestry. Individuals from other ethnic groups were excluded because of small numbers (nϭ99 for the next largest group) and concerns about the potential for population stratification.
The ACTIVE Study
The design and results of the Atrial Fibrillation Clopidogrel Trial With Irbesartan for Prevention of Vascular Events (ACTIVE A) study have been described previously. 18, 19 ACTIVE A was a randomized, double-blind trial comparing 75 mg/d clopidogrel with placebo for stroke prevention on a background of aspirin therapy (75-100 mg/d) in patients with atrial fibrillation and at least 1 additional risk factor for stroke who were not eligible for warfarin therapy. We adopted the primary efficacy and safety outcomes used in the ACTIVE trial. 18 The primary efficacy outcome was any major vascular event (stroke, non-central nervous system systemic embolism, myocardial infarction, or death from vascular causes). Major hemorrhage was defined as any overt bleeding requiring transfusion of at least 2 units of blood or any overt bleeding meeting the criteria for severe hemorrhage. The 58 individuals of non-European ancestry were excluded.
The institutional review board at each center approved each study, and all patients provided written informed consent. Only those patients who also consented to participate in either of the 2 genetic studies were eligible for this analysis (without any further selection criteria). Baseline characteristics of both genetic groups were similar to those of the CURE and ACTIVE study population, as previously reported. 20 
Genotyping
Genotyping of the PON1 Q192R polymorphism (rs662) was performed using TaqMan assays from stored DNA. The call rate was Ͼ98%, and Hardy-Weinberg equilibrium was tested within each ethnic group (PϾ0.05 in all groups).
Statistical Analysis
We first explored the effect of PON1 Q192R genotypes on efficacy and safety of clopidogrel, and we then looked at the association between genotype and outcome. These analyses were restricted to CURE trial participants of European and Latin American ancestry. The effect of clopidogrel compared with placebo according to genotype was assessed using Cox proportional hazard regression under additive and dominant genetic models. No statistically significant (PϾ0.05) effect modification by ethnicity was observed for any of the pharmacogenetic effects described (data not shown), and results from Europeans and Latin Americans were therefore combined (with adjustment for ancestry).
We used separate models to adjust for (1) age, sex, and ethnicity and (2) age, sex, ethnicity, revascularization (PCI with or without stent, coronary artery bypass surgery), smoking, waist-to-hip ratio, diabetes, blood pressure, and country of origin. Similar results were obtained with both models and therefore only results obtained with the parsimonious model are presented. A 2-sided PϽ0.05 was considered significant throughout.
The same analytic approach that was used for CURE was used for ACTIVE A.
Results
Effect of PON1 Genotype on Clopidogrel Efficacy in CURE
Characteristics of study participants are presented in the Table. A total of 5059 participants of European and Latin American self-defined ancestry were successfully genotyped, of whom 2510 were randomly assigned to placebo and 2549 to clopidogrel. The benefit of clopidogrel treatment on the first primary composite efficacy outcome (231 events, 9.1% versus 316 events, 12.6%; HR, 0.71; 95% CI, 0.60 -0.84; PϽ0.001) was similar to the parent study 16 (582 events, 9.3% versus 719 events, 11.4%; HR, 0.80; 95% CI, 0.72-0.90; PϽ0.001). Figure 1 presents estimates of the hazard ratios of the first and second primary composite efficacy outcomes in patients treated with clopidogrel compared with placebo stratified by PON1 Q192R genotype. A trend was observed for the first primary outcome whereby carriage of the Q allele was associated with greater efficacy of clopidogrel as compared with placebo, albeit this apparent heterogeneity was not statistically significant (Pϭ0.07). Individuals carrying 2 Q alleles derived an increased benefit of clopidogrel (HR, 0.60; 95% CI, 0.47-0.77; PϽ0.001) as compared with individuals with either the QR (HR, 0.80; 95% CI, 0.62-1.05; Pϭ0.10) or RR (HR, 0.90; 95% CI, 0.50 -1.64; Pϭ0.74) genotypes. This trend was less pronounced for the second primary end point or for major bleeds. The corresponding Kaplan-Meier survival curves are shown in Figure 2 . For survival analysis, individuals of the QR and RR genotypes were grouped and compared with individuals of the QQ genotype, corresponding to a dominant genetic model. Results were consistent, with individuals of the QR and RR genotypes collectively deriving a similar benefit of clopidogrel (HR, 0.82; 95% CI, 0.65-1.05; Pϭ0.12). Likewise, no effect was observed in the smaller CURE-PCI datasets (734 individuals with genotype; online-only Data Supplement Figure I ). Power to detect an effect size similar as the one described by Bouman et al 3 was estimated at Ͼ99% in clopidogrel-treated participants from the CURE dataset for the first and second primary efficacy outcomes.
Effect of PON1 Genotype on CV Events in CURE
To further explore the association of PON1 Q192R polymorphism with CV events, we performed similar analysis but stratifying individuals by treatment allocation and testing for 
Effect of PON1 Genotype on Clopidogrel Efficacy and CV Events in ACTIVE
Characteristics of study participants are summarized in the Table. A total of 1156 participants of European self-defined ancestry were successfully genotyped, of whom 586 were randomly assigned to placebo and 570 to clopidogrel. The benefit of clopidogrel on the primary composite efficacy outcome (114 events, 20.0% versus 154 events, 26.3%; HR, 0.74; 95% CI, 0.58 -0.94; Pϭ0.01) was comparable with the benefit reported in the parent study 18 (832 events, 22.1% versus 924 events, 24.4%; HR, 0.89; 95% CI, 0.81-0.98; Pϭ0.01). The results were consistent in subgroups based on PON1 genotype (Figure 4) . No effect of PON1 on CV events was observed in either clopidogrel-treated or placebo-treated participants.
Discussion
Our results suggest that PON1 Q192R genotype does not modify the effect of clopidogrel. We also found that contrary to a previous report, the QQ genotype was not associated with an increased hazard of major CV events in individuals treated with clopidogrel. In fact, a trend was observed toward greater benefit of clopidogrel in individuals carrying 2 Q alleles in CURE, mainly because the Q allele was associated with adverse events in placebo-treated individuals. Our results are consistent with the recently published null association of PON1 Q192R polymorphism with stent thrombosis 21 and CV events. 22, 23 They also support the lack of association between Q192R genotype and platelet aggregation. 22, 23 Several reports have investigated the association of Q192R with coronary heart disease, with mixed results. A large meta-analysis of 39 studies comprising 10 738 cases and 17 068 control subjects reported a pooled odds ratio of 1.10 (95% CI, 1.06 -1.13) per R allele for coronary heart disease. 13 The prospective REGRESS study of 793 secondary prevention patients reported a hazard ratio of 1.71 (95% CI, 1.0 -2.8; Pϭ0.03) per Q allele for death due to ischemic disease. 24 Finally, the GeneBank study of 1399 sequential patients undergoing diagnostic coronary angiography reported that the Q allele was associated with lower PON1 activity, increased levels of systemic indices of oxidative stress, and an increased risk of major adverse CV events (HR, 1.48; 95% CI, 1.09 -2.03 for QQ versus QR and RR). 25 These latter 2 reports are particularly relevant to our study because they included a large fraction of individuals with established CV disease (100% and 80%, respectively). Although the use of clopidogrel was not reported, neither study is likely to have included a substantial number of patients on clopidogrel therapy because the REGRESS study was conducted between 1989 and 1993 (ie, before the approval of clopidogrel) and the GeneBank study recruited patients undergoing elective diagnostic coronary angiography in 2002 and 2003.
Our results offer a further caution against the interpretation of pharmacogenetic data in the absence of a nontreated control group. Such analyses should ideally be performed in the context of a randomized, controlled trial to minimize the potential for confounding. Prior reports have provided evidence for a role of PON1 genotype in atherosclerosis irrespective of clopidogrel treatment. Thus, any pharmacogenetic analysis performed exclusively in clopidogrel-treated individuals could reflect a genetic effect that is independent of clopidogrel treatment, as opposed to a therapeutic failure of clopidogrel. Our data support an effect of PON1 genotype on CV risk in patients not receiving clopidogrel, although we cannot explain the lack of association between PON1 Q192R genotype and outcome in individuals treated with clopidogrel. Our results could reflect a hitherto unknown pharmacological interaction but might also be explained by lack of statistical power, given the smaller number of events in individuals treated with clopidogrel. Nevertheless, our data argue against a detrimental effect of the Q allele on clopidogrel metabolism.
Our study has a few potential limitations. First, despite the large number of participants and events in the CURE genetic datasets, our study cannot exclude smaller interactions, especially for the PCI subgroup. Furthermore, stent thrombosis was not adjudicated in CURE, precluding direct comparison with the study by Bouman et al. Nev- The primary efficacy outcome was any major vascular event (stroke, non-central nervous system systemic embolism, myocardial infarction, or death from vascular causes). P value refers to the effect of clopidogrel versus placebo for each genotype subgroup. Interaction P value refers to heterogeneity of effect of clopidogrel versus placebo between genotype subgroups. ertheless, our data provide randomized confirmation of a lack of deleterious effect of the Q allele on clopidogrel efficacy on spontaneous CV events not induced by PCI. The ACTIVE genetic dataset contained fewer participants and outcome events than the CURE dataset and therefore had less statistical power. Second, our results might be specific to our patient population and how they were treated. Third, only participants of European and Latin American ancestries could be adequately analyzed. Even though there is no reason to suspect different results in other populations a priori, further studies in diverse populations will be needed. It should be noted that inclusion of randomized groups lessens the risk of confounding by population stratification because individuals in any substrata were equally likely to receive clopidogrel or placebo.
In conclusion, our study shows that PON1 Q192R genotype does not modify the efficacy and safety of clopidogrel in ACS or atrial fibrillation patients. Further studies will be needed to confirm the association of the Q allele with adverse CV events independent of clopidogrel in secondary prevention patients. Taken together, these results emphasize the need for randomized comparison groups in pharmacogenetic studies.
